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Large deposits of iron have been shown to be present in the
mitochondria of patients with Zellweger's syndrome, and the
mitochondria of such patients show defects in respiration and oxidative
phosphorylation with succinate and NAD+-linked substrates, while
functioning normally with ascorbate and TMPDL The inhibition has
been postulated to be at the level of the nonheme iron sulfur centers.^
Iron intoxicated rats were obtained by feeding albino rats normal
rat chow which had bee supplemented with iron. Isolated mitochondria
of normal rats were treated with iron by incubating them with different
concentrations of Fell and/or FelH. Both kinds of mitochondria were
investigated for electron transport and oxidative phosphorylation
capabilities and a correlation made with the results of Goldfisher and
coworkers 1 on the mitochondria of patients with Zellweger's (cerebro-
hepato-renal) syndrome.
Zellweger's (cerebro-hepato-renal) syndrome was first reported
by Bowen, Lee, Zellweger, and Lindenberg in 1964 who observed
siblings with an unusual combination of congenital defects.^ Smith,
Opitz, and Inhom, independently of Zellweger's team, described two
other siblings in 1965 with similar malformations.^ The disease is
marked by a combination of abnormalities which affect mainly the
brain, liver, and kidney, hence the name cerebro-hepato-renal
syndrome.5.6 Opitz and co-workers gave the first detailed
neuropathological descriptions of four new cases in 1969 and proposed
the eponym Zellweger’s syndrome.”^ In a separate paper, Vitale and co-
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as is found in mitochondrial calcium accumulation.26 The finding that
Prussian blue staining for free iron indicated large inclusions of free
iron in the liver and spleen, and the findings that chelation of free iron
by o-phenanthroline resulted in release of inhibition by histochemical
demonstration of electron transport are indicative of a probable
interference of cellular function by free iron, or by iron bound to special
nonheme iron loci.^ >12
Studies have revealed that when Candida Utilis was cultured in a
chemostat, under iron-limited conditions, there was a loss of both
mitochondrial site 1 phosphorylation and piericidin sensitivity.27 These
two reactivities are localized in the region of the iron sulfur proteins of
the NADH dehydrogenase of mitochondria.
These findings all point to the importance of the levels of free or
available iron to the electron transport system other than its
requirement for the biogenesis of hemoproteins. It is believed,
therefore, that at high concentrations, free iron can inhibit electron
transport and oxidative phosphorylation by interacting with the





The following chemicals and reagents were obtained from Sigma
Chemical Company: Sucrose (l-a-D-Glucopyranosyl-|3-D-
fructofuranoside), EDTA (Ethylenediamine Tetraacetic Acid), Adenosine
Diphosphate, Trizma base (Tris-(hydroxymethyl) amino methane), EGTA
(Ethyleneglycol-bis-(p-Aminoethyl ether) N, N-tetraacetic acid).
Glutamic Acid, Malic Acid, Succinic Acid, Digitonin, Rotenone, Oligomycin,
Antimycin A, Bovine serum albumin. Potassium chloride, Deoxycholic
Acid, Cholic Acid, Folin-Ciocalteau reagent. Histidine, Potassium sulfate,
2, 6-Dichlorophenol Indophenol, Methylene blue. Coenzyme Q6,
Adenosine Triphosphate, Cytochrome c (type III), Thioglycolic Acid,
Menadione, 4,7-Diphenyl-l, 10-phenanthroline (Bathophenanthroline).
The following chemicals and reagents were obtained from Fisher
Scientific Company: Hydrochloric Acid, Sulfuric Acid, Phosphoric Acid,
Isoamyl alcohol (or Isopentyl alcohol). Standard Iron solution (1
mg/ml). Perchloric acid. Sodium Carbonate, Sodium Acetate, Sodium
Hydroxide, Sodium Titrate, Glacial Acetic Acid, Potassium Hydroxide,
Ferrous Chloride, Ferric Chloride.
The following reagents were obtained from VWR Scientific
Company: Ultrex Nitric and Sulfuric acids.
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METHODS AND PROCEDURES
A. Solutions for Preparation of Rat Liver Mitochondria
The following stock solutions were prepared: Sucrose (1.0 M),
EDTA (0.1 M, pH 7.4), Tris-HCl (1.0 M, pH 7.4), Tris-Phosphate (1.0 M,
pH 7.4), and potassium chloride (1.0 M ). Working solutions (SET, ST
and STTK) were made by dilutions of the stock solutions A solution of 1
M trizma base was prepared and neutralized with hydrochloric acid to
pH 7.4. This solution was labelled as Tris-HCl. Trizma base (1.0 M) was
neutralized to pH 7.4 to form a 1.0 M Tris-phosphate buffer with
phosphoric acid, and 0.1 M EGTA was neutralized to pH 7.4 with trizma
base. All working solutions were made by dilutions of the stock
solutions.
Preparation medium. (SET):
SET was used for the preparation and isolation of rat liver
mitochondria in a isotonic medium of low ionic strength. EDTA
(ethylenediamine tetraacetic acid) was added to a final concentration of
0.5 mM at pH 7.4 as a chelating agent to bind divalent cations freed by
cell disruption which might interfere with mitochondrial function. For
instance, it is a well'known fact that mitochondria sequester Ca+‘'’ ions in
an energy dependent reaction. This calcium accumulates as insoluble
CaP04 and may cause mitochondrial damage if not removeH. EGTA
(Ethyleneglycol-bis-(|3-aminoethyl ether) N, N-tetraacetic acid) could be
used in place of EDTA, at the same final concentration of 0.5 mM at pH
7.4 for binding of divalent cations; but unlike EDTA, does not bind non-
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specifically to proteins and moreover mitochondria extracted with EGTA
gave accurate results when iron determinations were conducted. Trizma
(Tris-(hydroxymethyl) amino ethane) which has been neutralized with
hydrochloric acid to pH 7.4 is also added to a final concentration of
lOmM, affording sufficient buffering action to protect the mitochondria
from pH changes during tissue homogenization.
Wash solution (ST):
When cellular divalent cations have been removed from the
mitochondrial preparation, the EDTA (or EGTA) is washed away by
resuspending and recentrifuging in a wash solution of buffered isotonic
sucrose (ST) containing 250 mM sucrose and lOmM Tris-HCl at pH 7.4.
Respiration medium (STTK):
Respiration medium for oxidative phosphorylation and electron
transport also contains 250 mM sucrose and lOmM tris-Cl at pH 7.4. In
addition, it contains lOmM tris-phosphate at pH 7.4 to insure the
availability of P04= for the reaction: ADP + P04= —> ATP. KQ is present
at a final concentration of lOmM.
B. Concentrations of Substrates and Inhibitors
A solution of glutamate and malate (G+M) was made which was
0.5 M glutamate and 0.5 M malate at pH 7.4. Succinate (Succ) was also
0.5 Molar at pH 7.4. With the use of Hamilton syringes, 10-20
microliters of these substrates were added to ensure an-adequate
source of reducing equivalents (for the reduction of oxygen). In "tightly
coupled" mitochondria the oxidation of glutamate and malate results in
the production of three equivalents of ATP, while succinate oxidation
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results in two equivalents of ATP per pair of electrons accepted by
oxygen.
TMPD (tetramethylphenylenediamine) was stored at a
concentration of O.IM; 5.0 microliters were added. Ascorbate was
stored frozen for no more than five days at a concentration of O.IM; 10
microliters supplied enough electrons for the production of one
equivalent of ATP. ADP was stored at a concentration of 0.2 Molar at
pH 6.5-6.9.
The inhibitors (Rotenone and Antimycin A) were dissolved in 50%
ethyl alcohol to a concentration of 1mg/ml, and potassium cyanide
(Img/ml) was dissolved in water. About 20iiM of any inhibitor would
suffice to block the reduction of oxygen, with the appropriate substrate.
Rotenone inhibits NADH dehydrogenase, and antimycin inhibits at the
iron sulfur center between cytochromes b and ci.
C Standard Iron Solution
One gram of electrolytic iron or iron wire is dissolved in 50.0 ml of
dilute nitric acid (1:30 HNO3). The solution is boiled for a few minutes
to expel oxides of nitrogen, and the solution diluted to 1 liter with
distilled deionized water (DDW). This solution is adjusted to 1.0 mg/ml
ferric ion or 1.78 x 10*2 M Fe^ll and is diluted further to about 10’3 M
and 10-5 M with DDW.
D. Protein Assay
1. The concentrations of mitochondrial protein were determined
according to the modified Folin assay^S of Clark and Switzer.29 The
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blue-green color produced has an absorbancy maximum at 280nm and
is believed to be more sensitive than the Biuret assay when measuring
very low concentrations of protein.
Reagents
A, BSA Standard (1.0 mg/ml)
B. 2% Na2C03 in 0.1 M NaOH
C 2% Na-tartrate
D. 1% CUSO4.5H2O
R Folin-Ciocalteu Phenol reagent (2M)
Procedures:
I. A blank and test tubes containing the BSA standard solution (0.05,
0.1, 0.2, 0.3 ml) •+■ DDW to a total volume of 0.6 ml, and mixed,
n. Reagent Q. (1.0 ml) was added to 1.0 ml of reagent D. and mixed on
a vortex mixer.
Ill, Reagent B. (98 ml) was added to the solution obtained in
procedure II above and mixed.
rV. This solution obtained in procedure III above, was added in 3.0
ml aliquots to each test tube and mixed on a vortex mixer.
V. Added 0.15 ml of reagent B. to each test tube and mixed again.
VI, Readings were taken from Beckman Spectrophotometer at 500 nm
wavelength between 30 and 90 minutes.VII.Graphed optical density vs concentration of BSA Standard and
drew curve (straight line) through zero.
2. A rapid, yet accurate method employed the addition of
Standard Samples directly in 3.0 ml of DDW or dilute buffer and reading
absorbancies in a Beckman Spectrophotometer at 215 to 225 nm. The
absorbancy changes were plotted against protein concentration of
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Standard BSA solutions, and a curve drawn as above (i.e. extrapolated to
zero).
E. Estimation of Iron in Mitochondria
The following reagents were used for the extraction of Iron from
mitochondria: Thioglycolic acid (5%, VfV), glacial acetic acid, iron free
saturated sodium acetate at pH 6.0, 4,7-Diphenyl-l,10-phenanthroline
(0.083%, V/V) in isoamyl alcohol, and the standard iron solution diluted
between lO*^ M and 10*^ M with distilled deionized water.
Procedure:
I. Isoamyl alcohol was used for the blank
II. A 0.1ml aliquot of sample or standard iron solution containing
2-30nano-moles (nmoles) of iron was added into stoppered test
tubes.
III. A 0.1 ml aliquot of 5% thyoglycolic acid was added to each test
tubes.
IV. A 0.2 ml aliquot of glacial acetic acid was added to each test tube.
V. The test tubes were mixed vigorously for several minutes on a
\
vortex mixer.
VI. The following was added to each test tube: 0.28 ml saturated
sodium acetate, 0.32 ml DDW, and 1.0 ml of Bathophenanthroline
(4,7-Diphenyl-1,10-phenanthroline)
VII. Step V was repeated once again.VIII.The test tubes were centrifuged to separate the layers.
DC. The upper layers were transferred to cuvettes and the optical
density read in a Beckman Spectrophotometer at 535 nm
wavelength.
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X. A graph of optical density against concentration (i.e. the amount)
of iron was plotted and the amount of iron in each sample
obtained.
F. Estimation of Iron in Non-mitochondrial Preparations.30
Reagents:
The following reagents were used for the determination of iron in
non-mitochondrial preparations: concentrated sulfuric acid (ultrex
grade); concentrated nitric acid (ultrex grade); perchloric acid, 60%
(WAV); thioglycolic acid (VAV); iron-free saturated sodium acetate at pH
6.0; 4,7-diphenyl-1,10-phenanthroline, 0.083% (WW) in isoamyl
alcohol; and standard iron solution.
Procedures:
1. Test tubes were washed with water and rinsed repeatedly
with concentrated hydrochloric acid. Finally, tubes were
rinsed several times in deionized distilled water and dried.
2. The blank contained DDW and the other test tubes contained
standard iron solution in the range of 2-30 nanomoles of
iron and mixed after each addition.
3. About 0.1 ml of concentrated H2SO4 was added to each test
tube followed by 0.1 ml concentrated HNO3.
4. Test tubes were heated in a water bath until there were
obvious fumes of H2SO4.
5. Test tubes were cooled to room temperature, and an
additional 0.1 ml of concentrated HNO3 was added.
6. Step 4 was repeated.
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7. Tubes were cooled again to room temperature, and 0.05 ml
of 60% perchloric acid was added.
8. The tubes were heated gently, without boiling for 3-5 min in
a water bath.
9. The tubes were cooled again and 0.5 ml of DDW was added.
10. About 0.25 ml of 1% thioglycolic acid was added and this
was followed by 1.5 ml of saturated sodium acetate.
11. Finally, 1.0 ml of 4,7-diphenyl-l,10-phenanthroline was
added.
12. Tubes were centrifuged to separate the layers.
13. The upper layers were transferred to cuvettes and the
optical density read in Beckman Spectrophotometer at 538
nm wavelength.
14. Aliquots of each sample were treated similarly.
15. The cuvettes were rinsed with 95% ETOH after each reading
16. A Graph of optical density vs concentration of iron was
made and extrapolated back to zero where necessary.
G Use of the Oxygen Chamber and Electrode
The 1.8 ml glass reaction chamber (Fig. 1 - Designed by our
laboratory C.L.M. ca. J968) consisted of a temperature jacket press
fitted Plexiglass plug bearing two opening; one for the Clark type
membrane coated oxygen electrode, and the other of a much smaller
diameter as the addition port. This oxygen electrode arrangement
permits easy removal for changing the membrane. A circular magnetic
disc placed within the well of the chamber facilitates continuous mixing
and the establishment of an equilibrium between the oxygen dissolved
12
1 Oxygen Chamber and Electrode
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in the buffer medium and the 0.5 M KCl in the electrode. The chamber
is cleaned after each experiment by vacuum aspiration and rinsed
several times with a 50% solution of ethyl alcohol, followed by deionized
distilled water (DDW), and twice with the respiration medium before
being filled for the next run. The polyethylene membrane is changed
periodically depending on its usage and functioning.
Two 1.5 volt flashlight batteries, connected in parallel, were used
as current source for the polarizing voltage (-0.6 volts); sensitivity and
zero controls; a milliameter (40 mA); and an on-off switch. As shown in
Fig. 2, the current through resistor Ri measures any voltage change
through a millivolt amplifier and then recorded with a strip chart
recorder (Cole-Palmer 155/MM). The potentiometer Ri for sensitivity
control permits the use of the lOmV scale of the amplifier. A voltage
change greater than lOmV is avoided to reduce modification of the
polarizing voltage. The polarizing voltage is established by the variable
resistor R2. In addition, the circuit included a variable resistor R3 for a
zero offset when measuring small changes in oxygen uptake. With a
polarization voltage of -0.6 volts, current is directly proportional to the
oxygen concentration of the solution (240 m.M).31 xhe chart speed was
set at 2.0 cm/min, with a hundred divisions across the chart paper.
H. Oxidative Phosphorylation
The study of oxidative phosphorylation and mitochondrial
respiration was first reported by Chance and Williams.32 The transport
of electrons from NADH to molecular oxygen is coupled to the
phosphorylation of ADP at three sites of energy conservation along the
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FIr. 2. Sdtemallc reprcsenlaiion ol (lie polarizing voltage and sensitivity control lor an oxygen electrode.
respiratory chain of mitochondria. This phenomenon of "respiratory
control” occurs in "tightly coupled" (intact) mitochondria.
In the absence of ADP, "tightly coupled" mitochondria are said to
be in State 4 and the rate of respiration or oxygen consumption is very
low. In the presence of ample ADP, Pi, substrate and oxygen the rate of
respiration increases and the "tightly coupled" mitochondria are said to
be in State 3.
By the use of spectrophotometry, three "crossover points" were
identified. In the absence of ADP, the carriers of electron on the
substrate side are more oxidized. The "crossover points" are Site I,
between NAD and coenzyme Q; Site II, between cytochrome b and
cytochrome ci, and Site III, between cytochrome oxidase and oxygen.
These sites have since been shown to be consistent with the oxidation --
reduction potential of the appropriate carrier pairs, and the free energy
available from the oxidation-reduction reactions.
Several substrates supply electrons to the electron transport chain
via three main carriers. Substrates such as glutamate (as a-
ketoglutarate) and malate are NAD+-linked, which are oxidized and in
turn reduce NAD+ to NADH, resulting in a net formation of the three
molecules of ATP per molecule of NADH or per atom of oxygen
consumed. This is expressed as an ADP/0 ratio of 3. Substrates such as
succinate and a-glycerol phosphate supply electrons to the respiratory
chain through a flavor protein and coenzyme Q. When the electrons are
eventually passed on to oxygen, two molecules of ATP are formed
resulting in an ADP/0 ratio of 2. Ascorbate donates electrons to
cytochrome c via an artificial electron mediator, TMPD (N,N,N^Nl-
tetramethyl-p-phenylenediamine) resulting in an ADP/0 ratio of 1.
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One may also evaluate broken mitochondria obtained by repeated
freezing (-60°C) and thawing of freshly prepared mitochondria. Such
preparations transport electrons from exogenous NADH; from NAD+-
linked substrates when NAD"*" is available; from succinate or from
reduced exogenous or endogenous cytochrome c, all with the resultant
reduction of oxygen, but do not generate ATP from ADP.
Among the most commonly used inhibitors of electron transport
are rotenone, antimycin A and potassium cyanide. Rotenone inhibits
the oxidation of NAD^-linked substrates without inhibiting the oxidation
of succinate. Antimycin A inhibits the electron transport chain between
cytochromes b and ci, thereby inhibiting the oxidation of succinate (and,
glutamate and malate). Potassium cyanide inhibits the oxidation of
ascorbate through TMPD between the cytochrome a-as complex and
molecular oxygen.
P/0 ratio and RCR (Respiratory Control Ratio) can be calculated
directly from oxygen electrode tracings of the type shown in Fig. 3
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The respiratory control ratio (RCR) is the ratio of the state 3
respiratory rate divided by the state 4 respiratory rate. This value
gives an indication as to the intactness of the mitochondrial inner
membrane or the ability of mitochondria to make ATP in the presence
of a variety of substrates and inhibitors.
The oxygen electrode system can thus be used to evaluate
mitochondria as well as the effect of various substrates, inhibitors, un¬
coupling agents( e.g. Dinitrophenol) or coupling agents( e.g. Mg-t-+) on
mitochondrial function.
The electron transport chain of beef heart mitochondria has been
fractionated into the NADH-coenzyme Q reductase (Complex I);
succinate-coenzyme Q reductase (Complex II); coenzyme Q-cytochrome c
reductase (Complex III) and cytochrome c oxidase (Complex IV). Since
the first three complexes have several iron sulfur centers, we attempted
to isolate complexes I, II, and in from rat liver mitochondria to
evaluate the effect of iron on rat liver mitochondria preincubated in
vitro with iron, and on rat liver mitochondria derived from iron
intoxicated animals.
I. Preparation of Rat Liver Mitochondria CRLM')
The mitochondria were isolated from rat liver by modification of
the methods described by Schneider33; Schneider and Hogeboom34; and
Johnson and Lardy.35 A flow representation of the procedure is
outlined in Fig.4. All preparative procedures were conducted at 0°-5°C.
Male rats (180-200 gm) were sacrificed by decapitation and their
livers removed immediately and placed in cold SET ( 250 mM sucrose,











As much blood and fat as possible were removed from the tissue
by mincing and washing with the SET solution. Mincing facilitated the
removal of blood and membranous material. The tissue was then
homogenized in ten volumes of SET in a Potter-Elvejheim glass
homogenizer fitted with a pestle having a clearance of 0.009 in. After
five excursions the mixture was further homogenized using a pestle
with a clearance of O.OOTin. Excessive homogenization was avoided to
prevent mitochondrial damage. The homogenate was then centrifuged
in a Beckman centrifuge at 1500 rpm for 3 min. The supernatant
fraction (Si) was.decanted and saved. The crude pellet (Pi), containing
some unbroken cells, cell membranes, tissue fragments, and some
mitochondria, was resuspended in SET, homogenized and centrifuged at
1500 rpril for 3 min. The resulting pellet (P2) was discarded while the
supernatant (S2) was decanted and combined with supernatant Si, and
the combination (Si and $2)' centrifuged at 15,000 rpm for 5 min. The
resultant crude mitochondrial pellet (Mwq) was washed by thorough
resuspension in 10 to 15 vol of ST and centrifuged at 15,000 rpm for 5
min. This washing procedure in ST removed the EDTA or EGTA, and was
repeated when necessary to ensure removal of the smallest trace of red
cells. The resulting mitochondrial pellet (Mwi) was resuspended in ST
to a concentration of approximately 30-40mg protein/ml. The
mitochondrial protein concentration was determined by the method
described by Clark and Switzer^^.
In order to improve the quantity and quality of the mitochondria
(Mwq) obtained, a slight modification was made in that the tonicity of
the ST solution used was adjusted by increasing the concentration of the
sucrose from 250 mM to 300 mM.
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J. Preparation of Broken Rat Liver Mitochondria
Mitochondria obtained from rat liver could be frozen (-19°C)
overnight and thawed the following day. This treatment renders the
mitochondria broken or "leaky," and incapable of coupled oxidative
phosphorylation but still capable of electron transport from all
substrates to oxygen.
Broken mitochondria could also be obtained by repeatedly
freezing freshly prepared mitochondria at liquid nitrogen temperatures
(-70°C) and then rapidly thawing the preparation to room temperature.
After, at least, three cycles of freezing and thawing, the mitochondria
were capable of oxidizing not only added substrates, but were now
permeable to and able to oxidize added NADH.
K Polarographic Measurements with Intact and Broken Rat Liver
Mitochondria
Mitochondrial oxidative phosphorylation, sensitivity to inhibtors
(of respiration, phosphorylation, and ion transport), and iron transport
were measured in the oxygen electrode system which was first reported
by Chance and Williams32 and reviewed by Estabrook^l, and described
in part in sections G and H of this thesis, and in Fig. 3.
The isolated mitochondria which were suspended in wash solution
(ST) were added in small volumes of 0.1 - 0.2 ml to the oxygen
electrode reaction chamber containing 1.8 ml of respiratipn medium
(STTK). Aliquots of substrates (glutamate and malate, succinate, or
ascorbate and tetramethylphenylenediamine), inhibitors (rotenone,
antimycin A, or potassium cyanide), ions, ADP, dyes and sulfhydryl-
group reagents such as N-ethylmaleimide, iodoacetamide, iodoacetate
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and p-hydroxymercuribenzoate, were added by micro-syringes, and the
change in slope for each addition was noted. All substrates and
inhibitors were stored frozen in 5 ml glass vials until used. Ferrous
chloride solutions and sulfhydryl-group reagents were prepared fresh
before^ each experiment.
L. Feeding of Iron Supplemented Food to Male Albino Rats
Crushed Purina rat chow (910 g) was mixed with 1 liter of 0.25 M
ferrous chloride. The volume of liquid is adequate to give a fine, thick,
smooth paste of the rat food. This pasty mixture was put in a glass
casserole and dried in an oven at very low heat to avoid destroying the
nutrient value of the rat chow. The hard, slightly greenish product was
stored frozen to keep its freshness.
Male albino rats were fed this heavy iron diet over a period of
two weeks. The drinking water was also supplemented with 0.1 M
ferrous chloride solution for 4-5 days after which it was exchanged for
normal drinking water. After the two week period, the animals were
decapitated and iron loaded mitochondria prepared from the livers as
outlined above. The iron test was performed to determine the content
of mitochondrial iron. The mitochondrial pellets obtained were also
used to study electron transport and oxidative phosphorylation.
Iron content was estimated in both normal and iron loaded
mitochondria from normal and iron loaded rats respectively. The iron
\
content was also estimated in the whole liver, kidney, and brain, as well
as in the food, feces, urine, and blood.
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M. Preparation of the Inner Mitochondrial Membrane
This is a modification of the method employed by Strasberg and
Moore36, Mitochondria were isolated from the livers of 180-200 male
rats. The mitochondria were washed twice in ST solution. They were
subsequently disrupted by hypotonic treatment by resuspending in 50
ml of cold lOmM phosphate buffer, pH 6.9, and incubated for 20 min. at
0®C. The suspension was then homogenized at high speed to disrupt the
membranes, with simultaneous addition of 1.0 M sucrose to give a final
concentration of 0.30 M sucrose. As the sucrose solution was added, the
color of the suspension changed from a very light brown to a light
greyish color. This suspension was centrifuged at 20,000 rpm for 10
min. This separates most of the outer membranes (OM) from the inner
membranes (IM). The supernatant which contained outer membranes
was discarded, and the pellets containing mostly inner membrane and
some outer membrane were suspended in a small volume of ST
(containing 0.3 M sucrose instead of 0.25 M sucrose) and layered on a
gradient. The gradient consisted of 2.5 ml of 1.25 M sucrose, 2.5 ml of
1.15 M sucrose, and 2.5 ml of 1.1 M sucrose. The gradients were
centrifuged for 30 min in a Beckman SW 40 rotor at 16,000 rpm. The
pellets obtained were suspended in ST and used for studies on complex
I, II, and ni of the inner mitochondrial membrane.
N. Spectrophotometry
This method was first used by Chance to identify and
characterized the reduced forms of the repiratory enzymes of
mitochondria during anaerobiosis (see Fig. 5). With the addition of a





















Fig. 5- Identification of cytochromes a^ c, and a^, and. fiavoprotein and reduced
pyridine nucleotide by means of anaerobiosis. The spectrum represents the difference
between anaerobic mitochondria and aerobic mitochondria. The aerobic mitochondria
are, in. this case, in. the phosphorylating state 3 (phosphate, phosphate acceptor, sub¬
strate, and oxygen are present). The dashed spectrum represents the difference
between mitochondria' treated with, antimycin A. and those in the aerobic state 2
(phosphate, phosphate acceptor, oxygen, but no substrate present). (Courtesy of
Ad:a<aiaes in Evsymology.) From ref .33.
24
mitochondria was compared with its oxidized form. The difference in
absorbancies was given in graphic form with a dual wavelength
scanning spectrophotometer^?. With the use of the DW-2a UV/VIS
spectrophotometer components of the inner and outer membranes of
the respiratory chain were identified and studied under different
conditions. For example. Complex I or NADH-Coenzyme Q reductase
activity can be evaluated in any of three ways; a) by observing the
oxidation of NADH in the presence of excess CoQ (or menadione) and
Antimycin A; b) by observing the reduction of excess CoQ in the
presence of Antimycin A and NADH; and c) the extension of these




The question being asked here is: What is the effect of iron (Fe^^
or Fe^) on mitochondrial electron transport and oxidative
phosphorylation, and secondly, is the accumulation of iron by intact
mitochondria an energy requiring process?
To answer the first question, normal, freshly prepared
mitochondria were examined in the oxygen electrode chamber under
normal control conditions, and subsequently in the presence of Fe^^ and
Fe^, and the derived data compared. In another set of experiments,
normal mitochondria were preincubated with iron in an aerobic
medium in the presence of oxidizable substrates. After a finite period
they were examined in the oxygen electrode in the presence or absence
of electron transport inhibitors; in the presence or absecne of ATP; and
in the presence or absence of oligomycin.
Figure 6 demonstrates that with NAD+-linked substrates normal
untreated freshly prepared rat liver mitochondria can exhibit a state 4
rate of 45 nanoatom equivalents 02/niin (nAeq 02/niin) and state 3 rate
of 248 nAeq 02/niin, and an RCR of 5.5. With succinate as substrate the
state 4 and state 3 rates are 94 and 245 nanoatom equivalents O2 per
min. respectively, and the RCR is 2.6.
Table 1 demonstrates the functional capability of the normal
control mitochondria in the oxygen electrode chamber. The effect of
Fe^^ on NAD+ and succinate liked phosphorylation is quite obvious. It
should be noted at this jucture, that upon addition of Fe^^ to the oxygen
electrode chamber, there is a rapid increase of oxygen uptake. This is
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Fig. 6.. Electron transport and oxidative phosphorylation In normal Intact
mitochondria. Tlie buffered Isotonic medium contains 250 mM sucrose,
10 mM Trls-Cl, pll 7.4, 10 mM Trls-PO. and lOmM KCI, pll 7.4. The vertical
axis represents the total amount of oxygen dissolved In water (or buffer)
at room temperature. The number 45 and 94 represent state 4j 248 and 245
represent state 3 (the rates of oxygen utilized). Reagents were added at
points Indicated.
TABLE T Effect of Fell on normal rat liver mitochondria
Substrate
nAtom Equivalents of O2






G + M (Control) 37.0±0.5 237.210.5 6.410.1 2.610.1
G + M
+ Fe^^ (10 nmoles) 61.210.5 222.410.5 3.610.1 2.910.1
G +M
+ Fe^ (20 nmoles) 56.210.5 109.210.5 3.410.1 2.610.1
Succ (control) 77.010.5 265.810.5 3.410.1 1.810.1
Succ
+ Fe^I (10 nmoles) 93.410.5 376.810.5 4.010.1 1.710.1
Succ
+ Fe^^ (20 nmoles) 109.610.5 363.210.5 3.310.1 1.710.1
Each experiment (i.e. Mw and substrate) was in respiration medium (STTK) with
increasing amounts of Fe^^. Amounts of substrates and ADP were the same (5.0
pmole and 0.2 pmole respectively), as previously described for Figure 6. G + M is
glutamate and malate.
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due to the oxidation of Fe^^ to Fe^^^ regardless of the substrate or
inhibitor. This is demonstrated in Fig. 7 with only respiration medium
(STTK) in the oxygen electrode chamber.
Table 2 shows the effect of Fe^ on NAD+-linked phosphorylation.
Large amounts of Fe^ (100 nmoles) show a decrease in RCR (4.7), but
not as significantly as that observed in Table 1 for Fe^^ (3.6). Fe^^^ also
shows little or no effect on succinate linked phosphorylation.
In order to determine if oxygen uptake is related to the uptake of
iron by mitochondria, rat liver mitochondria were incubated with Fe^^
and the mitochondria centrifuged through 0.8 M sucrose containing
substrates and oxygen. The Fe^^ treated mitochondria were then
resuspended in ST and evaluated in the oxygen electrode and compared
to a control preparation which was similarly treated, but with no iron
added.
When the tracings of Figs. 8A and 8B are compared it can be seen
that when G + M are added to Fe^^ pretreated mitochondria 8B, there is
no increase in the slow respiratory rate 2.5 nAEq. 02/niin. (This is not
unusual since quite often mitochondria do contain endogenous
substrates.) Additions to this system of Bathophenanthroline, which is
known to bind iron, results in normalization of the state 4 rate, seen in
Fig. 8, Traces B & C... EGTA at a concentration of 5.0 nmols or greater
added to Fe^l treated mitochondria did not show the release of
inhibition of NADH oxidation as seen with Bathophenanthroline.
Succinate oxidation was also normal in the presence of EGTA as shown
in Fig. 9. Subsequent addition of ADP (Fig. 8C) results in a state 3 rate
which is much less than that seen in Fig. 8A. The dashed lines on this






Fig. 7* Oxidation of Fe to Fe in the oxygen elctrode chamber
in the absence of mitochondria, substrates, and inhibitors. Only
repiration medium (STTK) is present. Reaction is also at room temp.
TABLE 2 Effect of Fel^ on normal rat liver mitochondria
Substrate
nAtom Equivalents of O2



















































































Each experiment (i.e. Mw and substrate) was in respiration medium (STTK) with
increasing amounts of Fe^^^. Amounts of substrates and ADP were the same (5.0





Fig. 8. Traces A, B, and C were carried out in respiration mediUin (STTK)
at room temp. B and C are intact mitochondria incubated (5 min.) with Fe^
at 0°C. Normal mitochondria {5.0 mg), Fe* Mw (5.2 mg), G + M and succ
(5.0 pmole). Rot. and AA (5.0 Ug), ADP (0.2 pmole), Asc. (5.0 pmole)i TMPD





Fig.- 9.-_Normal intact mitochondria that has been incubated (5 min.)
with Fe"*" at 0®C. Trace shows no effect of EGTA. Respiration medium
(STTK) present. All Conditions remain the same as with previous tracings
(i.e. reactions were carried out at room temp.). Note total oxygen
content in chamber.
Bathophenanthroline. One may also see from this figure that succinate
respiration is intact. Figure 8C is included to show that the addition of
Bathophenanthroline prior to glutamate and malate did not alter the
return of phosphorylation. The respiratory control index (RCR) for the
Fe^^ treated mitochondria is between 1.50 and 1.60 as compared to 6.9
for the untreated control mitochondria in Fig. 8A.
Succinate oxidation occurs via an antimycin A sensitive pathway.
Electron flow is inhibited by antimycin A between cytochromes b and ci
at which site there is another nonheme iron (iron sulfur protein) center.
The succinate-coenzyme Q reductase is also equipped with an iron
sulfur center between FAD and coenzyme Q.
Since in Zellweger's syndrome, the mitochondria prepared from
liver showed poor NADH and succinate oxidation and, since
histochemistry on thick sections from liver and kidney showed poor
staining for both NADH-coenzyme Q reductase and succinate-coenzyme
Q reductase and since the staining was normalized by o-phenanthroline
or a-dipyridyl, both of which bind free iron^; it was important to
evaluate the effect of Fe^^ and Fe^ on succinate-coenzyme Q reductase
as well as succinate-cytochrome c reductase.
Fig. 10 and Table 1 shows that Fe^ at concentrations up to 2|imol
had no effect on succinate oxidation. Fig. 10 shows that normal
mitochondrial oxidation of succinate is inhibited by antimycin A (AA),
and that addition of 1.0 p.mol Fe^ to Antimycin A-inhibited respiration
resulted in reduction of oxygen, but this is not due to the resumption of
succinate oxidation, but is due to Fe^^ being oxidized. In Fig. lOB, it is
seen again that exogenous iron (Fe^^) did not inhibit the oxidation of
added succinate.
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Fig. 10. (A)Electron transport in normal intact mitochondria followed
by oxidation of Fe . {B)Oxidation of Fe in the presence of normal
intact mitochondria followed by electron transport.Donation of electrons
from Fe^ to molecular oxygen is not through the electron transport
chain.Antimycin A = (AA);:>- 5-.Otig. Note that a hundred divisions on the
chart paper is equivalent to fifty nanoatom equivalents of oxygen, and
the horizontal axis is set 1.0 in./2.Omin.All reactions at room temp.
There is no significant difference between succinate oxidation by
mitochondria preincubated with Fe^^ Fig. 8 and by mitochondria to
which Fe^^ is added in the oxygen electrode chamber Fig. 10.
In order to determine the precise location of the inhibition of
electron transport by iron, we attempted to prepare the various
complexes of the electron transport chain of liver mitochondria
according to the classical methods used for the preparation of complexes
from beef heart mitochondria. In view of the difficulty in obtaining
large enough quantities of functional complexes, we turned to two
separate approaches. In the first approach, we decided to use the
electron acceptor dyes methylene blue and dichlorophenol indophenol
(DCPIP) and the quinone substitute, menadione.
The second approach was to use methylene blue in intact rotenone
poisoned mitochondria. Since the locus of rotenone inhibition is at the
level of the iron sulfur protein between FMN and quinone, and too since
methylene blue accepts electrons from FMN by-passing the rotenone
inhibitory site, we should be able to localize the iron inhibition at
complex I.
These experiments could be tried both in intact mitochondria and
uncoupled (frozen and thawed) mitochondria. Since menadione
(2-methyl-l, 4-naphthoquinone; vitamin K3) with a very highly positive
midpoint potential of +422 mV at acid pH somehow is capable of
providing a complete bypass of the inhibition of oxygen uptake by
rotenone and/or amytal, we investigated the possibility that the
inhibition of NADH oxidation may be on the substrate side of the locus
of inhibition.
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The experiment recorded in Fig. 10 shows that broken
mitochondria can oxidize NADH and that this oxidation is inhibited by
rotenone, amytal, and antimycin A. Menadione was able to overcome
the inhibition caused by rotenone and amytal, but not that caused by
antimycin A. Fe^I inhibits electron transport from NADH, but this
inhibition is overcome by menadione or methylene blue. Methylene
blue (shown below) which is reduced under these conditions is rapidly
Electron
donor
autoxidized and shows, in this system, insensitivity to antimycin A or
cyanide.
Since the electrons from NADH and from succinate are transferred
via FMN and FAD respectively to methylene blue, then inorganic iron
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Fig. 11. Electron transport in normal intact mitochondria with added Fe^^ (or Fe^^^lEffect 2|jmethylene blue on intact mitochondria and intact mitochondria to which Fe^^
added to affect NADH-Coenzyme Q dehydrogenase (Site I). Respirationmedium (STTK) is at room temp.
operative at the level of the iron sulfur proteins. Fig. 11 demonstrates
that upon addition of methylene blue to rotenone-inhibited intact
mitochondria supplemented with glutamate and malate, oxygen at a
rate of about 70 nanoatom equivalent O2 per minute occurs. With Fe^^
present there was no inhibition of oxygen utilization with methylene
blue.
Both Fe^l and Fe'f^l gave similar results with NADH/methylene
blue reductase. Succinate/methylene blue reductase activity is not
inhibited by Fe^^ and Fe^^^ but is sensitive to iodoacetamide a potent
sulfhydryl-agent as shown in Fig. 12.
Effect of Fe^I and Fe^H on Broken Rat Liver Mitochondria
When broken, osmotically shocked mitochondria were examined
in terms of the effect of Fe^^ and Fe^^I on the rate of electron flow from
NADH or succinate, to oxygen, both the rotenone sensitive and
insensitive pathways could be demonstrated as show Fig. 13.
When Fe^II is added to broken mitochondria, there is a
demonstrable increase in oxygen uptake (reduction) probably due to
the presence of small amounts of Fe^^ present. After addition of 15-20
nmoles of Fe^^^ there was complete inhibition of the rotenone sensitive
NADH dehydrogenase, but not of the rotenone insensitive pathway.
This is shown in Fig. 14A and 14B where the addition of catalytic
amounts of oxidized cytochrome c to an Fe^^^ inhibited system results in
a resumption of oxygen uptake. In the control experiment seen in Fig.
13C, the addition of cytochrome c in the absence of NADH does not


















Fig. 12. Electron transport in normal intact mitochondria with added
lodoacetamide. Effect of methylene blue in the presence or absence of
lodoacetamide or succinate-Coenzyme Q reductase. Respiration medium
(STTK) is at room temperature.
7.0 mg Mw
Fig. 13. Electron transport in osmotically broken mitochondria showing
NADH oxidation through the rotenone-sensitlve pathway (A) and the rotenone-
insensitive pathway (B). In both (A) and (B) rotenone inhibition is over¬
come by- oxidized exogenous Cytochrome c, which in turn reduces Cytochrome aa^.
Trace C shows that the reduction of Cytochrome c is dependent on the presence
of an electron donor (such as NADH).Respiration medium (STTK) is at room temp.
A B
Fig. 14. .Effect of Fe^ on osmotically broken mitochondria. Trace (A) shows
that the oxidation of NADU results in a respiratory burst. Trace (B) shows no
respiratory burst upon addition of NADU (0.02jjmol) when IB.Onmols Fe^^^ has
been added to the chamber. Note that the uptake of oxygen seen with each
addition of Fe"*^ Is due to contamination with Fe^^(see Fig, 7.). All reactions
are at room temperature.
6.7 mg Mw
Fig. 15. Electron transport in osmotically broken mitochondria showing
effect of Fe^ on NADH oxidation. Oxidation of Fe^ is insensitive to the
mitochondrial inhibitors. NADH oxidation is via the outer mitochondrial
membrane. The respiration medium (STTK) is at room temperature.
reduction of cytochrome c by NADH is seen in the presence of Fe^^ and
rotenone.
When Fe^l was used instead of Fe^ll, subsequent to the addition of
100 nmoles, there was inhibition of NADH oxidation via the rotenone
sensitive pathway, but upon addition of cytochrome c, there was a rapid
uptake of oxygen indicative of the rotenone insensitive pathway, which
is insensitive to the presence of iron.
Function of Liver Mitochondria From Rats on Iron Supplemented
Diet
Why is it that in these iron treated mitochondria, the succinate
respiration is normal while in the mitochondria from the diseased
(CHRS) patient, the succinate and NAD+-linked respiration and
phosphorylation are both inhibited? To answer this question we
attempted to intoxicate albino rats with iron.
Feeding albino rats normal Purina rat chow to which was added
excess iron resulted in an increase in tissue iron. Tables 3 and 4. The
animals, however, did not eat substantial amounts of Fe supplemented
chow and/or food after 5±2 days.
The weight of the animals on iron supplemented drinking water
was normal at first, but with continued feeding, the animals refused to
drink iron loaded water and showed definite signs of dehydration to the
extent that if plain water were not given on time (7 days), the animals
would die rather than drink the iron loaded water.
When rats were fed iron as outlined under "Methods and
Procedures," the animals' weight decreased by 20-30% of control litter-
mates, and the livers were between 30-50% of the normal adult weight
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(see Table 3). Tissue iron content increased, as shown in table 4, when
animals were placed under heavy iron diet.
Table 3 Weight of Animal and Liver after 7 Days of Iron
Supplemented Diet.
Weight in grams





Whole Body Weight 419 + 3 0 310±20
Liver 10.7±0.5 3.5±0.2
Mitochondrial preparations from the liver of iron fed rats were of
three distinct populations: a light fluffy layer (Layer 1) which
sedimented above 1.125 g/ml sucrose; a denser layer (Layer 2) which
sedimented above 1.135 g/ml sucrose; and a very dense layer (Layer 3)
which sedimented below 1.14 g/ml sucrose. This bottom layer which
accounted for between 60-70% of the total mitochondrial pool, had
NADH oxidase activity between 10-20% of normal, 50-60% of succinate
oxidase activity and normal cytochrome c oxidase activity. The rate of
state 3 respiration was 20% and 30% of normal for NADH and succinate
respectively.
The intermediate fraction of mitochondria which sedimented on
1.14 g/ml sucrose although loaded with iron (19.9 nmoles/mg protein)
functioned normally. The yield of mitochondria in this fraction was,
however, less than 20% of the total mitochondrial pool, which is
significant in terms of the economy of the cell.
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Table 4 Whole tissue analysis for iron content after 7 days on
an iron supplemented diet. Determination of iron content is described















0.19 nmoles Fe/Mg wet wt
0.73 nmoles Fe/mg wet wt





0.26 nmoles Fe/mg wet wt1.50nmoles Fe/mg wet wt






In Zellweger's syndrome, brain, liver, and kidney have excessive
amounts of iron. This iron is in the form of ferritin (23% iron by
weight) hemosiderin granules (37% by weight) or inorganic salts.
Infants suffering from this disease die before their first birthday.
Iron is transported in the blood by a protein called transferrin
(siderophilin). This transport requires the presence of Ferroxidase II
and the copper containing protein Ferroxidase I (ceruloplasmin) which
are involved in the reduction of Fe^ to Fe^I to prepare it for transport
into tissues.
Iron is thereby normally transported into tissue where it is stored
in ferritin and released as needed for biosynthesis of iron containing
proteins such as (a) hemoproteins which include hemoglobin, the
cytochromes, catalase, myoglobin, and peroxidases; (b) the iron sulfur
proteins.
Iron is also required for several hydroxylating systems and in
these it is used as a reducing agent and when thus oxidized, it is
converted back to Fe^Ua-ketoglutarate hydroxylases. This group of
enzymes include prolyl hydroxylase and ybutyrobetaine hydroxylase.3 8
Thus there are specific metabolic needs for iron and its
0
availability in tissues for the synthesis of metallo-proteins and in the
free from for hydroxylating systems must be met. Iron is stored as
ferritin, a soluble protein (mw 700,000) made up of twenty four
subunits and containing 23% of iron by weight. The iron content of
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ferritin is variable and can attain a maximum value of 4,300 - 4,500
atoms of iron such that the iron core represents approximately one half
of the molecular mass of full ferritin with Fe liganded to atomic
oxygen. 3 9 Almost all of the excess iron is stored in the liver as an
amorphous deposition called hemosiderin. Hemosiderin granules are
usually observed when iron is in excess of the availability of apoferritin,
observed adjacent to ferritin spheres and often within mitochondria.
These granules are a normal constituent of most tissues containing up to
37% of their dry weight as iron. In the liver and spleen with total
storage iron less than 500 |i.g per gram of tissue, more iron is stored as
ferritin than hemosiderin; and with values above 1000 pg per gram,
more is stored as hemosiderin.38.40
In as much as there is no major excretory pathway for excess iron,
abnormal accumulation as is seen in Zellweger's syndrome and in
Indopathic hemochromatosis is most likely in the form of hemosiderin
granules and Ferric-hydroxide-phosphate and other inorganic salts such
as the chlorides and phosphates.
We did not investigate the effect of the protein bound iron, on
tissue metabolism as a possible causative agent in Zellweger’s
syndrome, but we attempted an evaluation of iron feeding on liver
mitochondrial function, and of acute exogenous addition of iron to intact
and disrupted isolated rat liver mitochondria in the oxygen electrode or
by preincubation prior to examination in the oxygen electrode.
In our experiments, when the mitochondria were examined by
differential and density gradient centrifugation, it was found that the
largest fraction which was also the fraction containing massive amounts
of iron sedimented below 1.14 g/ml sucrose. This fraction had almost
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no respiratory activity with NAD+-linked respiration, but functioned to
100% of TMPD/ascorbate oxidation at the level of cytochrome c and
cytochrome oxidase.
Mitochondria obtained from the liver of Zelleweger's babies were
shown to have an 80% decrease in respiratory and phosphorylating
capabilities for NAD+-linked substrates and 50% decrease in succinate
oxidation and the linked phosphorylation.
The iron laden mitochondria reported on here behave therefore in
a similar manner to those described by Goldfisher, et al.2 The second
fraction (F2) sedimented between 1.135 g/ml and 1.14 g/ml sucrose,
while having an increased amount of iron, was still able to respire and
the respiration was coupled to the synthesis of ATP.
The normal behavior of this 20% population of mitochondria is
interesting since it was found in our in-vitro iron accumulation
experiment in which Fe^ and FeHl was preincubated with isolated liver
mitochondria, that NAD+-linked respiration was severely damaged as
was the ability to make ATP. It is tempting to conjecture that the 70%
of non-functional mitochondria might have been that population of
mitochondria which is normally isolated for use as the heavy
mitochondrial layer, and thus could be the fraction most susceptible to
inhibition by iron.
Isolated liver mitochondria when preincubated with iron were
unable to respire or make ATP linked to malate oxidation. Although
these mitochondria have less iron than the second fraction of
mitochondria isolated from iron fed rats, the fraction still has oxidative
phosphorylation capability.
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It is our belief that iron present in F2 mitochondrial fraction of
iron fed rat liver is probably in hemosiderin granules, and may not be
available for reactivity with the electron chain. Another suggestion is
that the excess iron may be incorporated with FeS centers which still
have the capability to function. This could be ascertained by devising
an isolation technique of the total pool of FeS proteins in the F2 fraction
of mitochondria. Iron accumulation after 'preincubation of normal intact
mitochondria has been demonstrated by us. If in intact mitochondria
there were a barrier which prevents intimate contact between non¬
protein bound iron and the iron sulfur centers of the electron transport
chain, then one would not expect to see inhibition in the acute addition
of iron to mitochondria respiring in the oxygen electrode chamber. This
is substantiated by the weak inhibitory effect reported in Fig. 9.
When however mitochondria are broken by repetitive freezing
and thawing, the barrier of accessibility to the inner membranes is
removed and added iron may now exert its effect.
Our data on frozen and thawed mitochondria indicate that there is
complete inhibition of NADH oxidation and the NAD dehydrogenase is
inhibited by the added iron. Succinate oxidation is not inhibited to any
measurable degree. This lack of inhibition of succinate dehydrogenase
seen upon addition of iron, contrasts significantly with the effect of iron
seen on long term incubation and upon iron feeding. The location of the
succinate dehydrogenase complex in the mitochondrial membrane
makes it less accessible to the added iron in acute experiments.
The inhibition of NADH oxidation by Fe^^l is overcome by
methylene blue. Methylene blue as indicated above is capable of
accepting electrons from FMN. Thus if it is able to bypass the inhibition
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of iron, it must mean that iron is acting not on the transfer of electrons
from FMN but either on the acceptance of electrons from FMN or the
transfer from the FeS center to coenzyme Q.
Menadione (shown below) is an analogue of coenzyme Q, and as
such wpuld accept electrons from the iron sulfur center of the NADH
dehydrogenase complex.
In contrast to methylene blue, the NADH reduction of menadione is
inhibited by added iron. It is clear therefore, that the availability of
exogenous iron to the iron sulfur centers of the NADH dehydrogenase is
a viable route for the inhibitory effect on succinate oxidation could have
\
a time dependent component, since preincubation of isolated
mitochondria with iron results in inhibition and thus inhibition is never
complete.
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What possible mechanism can one propose for such an inhibitory
process? In the absence of ESR data, one may return with the following
proposal. Recently Chance has shown that at the levels of cytochrome
oxidase there is a heme iron-S-copper complex which opens up on
reduction according to the following scheme:^ ^
and this complex reforms upon reoxidation of the cytochrome oxidase
by molecular oxygen.
We propose that upon reduction, the Fe^^l-S-Felll complex opens
up, with the formulation of Fe^-SH complex, this then makes available
Fell
two electrons and two hydrogen from two such complexes or from two
*
parts of the same complex for the reduction of coenzyme Q. After
transfer of the electrons and hydrogens, the closed structure is
reformed.
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FMNH2+ 2H'"+ 2e‘\ S
\
CoQ C0QH2
In the presence of available excess, ferric iron when the SH gives up its
hydrogen to coenzyme Q, the original oxidized close form of the iron
sulfur protein is reformed, but the free ferric iron intervenes. The
increased electron transport seen upon addition of Fe^^^ to mitochondria
could be due to the promotion of this hybrid. Whether or not this
model can carry electrons from FMNH2 to coenzyme Q is a function of
which Fe-S center is/are involved, and the nature of the protein
attached to the center.
The NADH dehydrogenase complex has been proposed to have six
centers: Center 4 has the most negative midpoint potential (-410±20
mV) which is close to the NAD-NADH couple (-320 mV). Center 1 has a
midpoint potential (-380±20mV). These two have midpoint potentials
which are more negative than the NAD+-NADH couple (-320±20mV)
and the FMN-FMNH2 couple (-120±20mV). Center 2 has the most
positive midpoint potential (-20±20mV). It is very difficult from these
values to localize the Fe-S centers 1-6 in the NADH dehydrogenase
complex. It is believed that there is ‘ an equilibrium among the various
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complex. It is believed that there is an equilibrium among the various
Fe-S centers, and this equilibrium results in a very rapid reduction once
electrons enter the complex (Helmut Bienert) and that low temperatures
(liquid helium) are needed to demonstrate the chromophores by EPR
spectroscopy at different microwave powers.^^ jt therefore, very
difficult or rather impossible to deal with the exact locus or loci of
interaction of free iron with the iron sulfur centers of the NADH
dehydrogenase complex.
The succinate dehydrogenase complex has two centers: Center
one with a midpoint potential of 0.0 mV, is readily reducible by
succinate while Center 2 is only seen in the reduced form when Center 1
has been completely reduced. The midpoint potential for Center 2 is
-260±20mV, and its reduction seems to be off the line of the normal
flow of electrons from succinate to coenzyme Q.^2 xhis makes these
centers very complicated to study in terms of the lack of significant
inhibition of succinate oxidation by added Fe^^^ or Fe^I to intact
mitochondria. The inhibition of ATP synthesis seen upon addition of
Fe^I or Felll to coupled mitochondria respiring with either succinate or
malate as substrate is somehow involved with a high energy center of
the NADH dehydrogenase complex. Since N-ethylmaleimide when
added to intact mitochondria also inhibits ATP synthesis in an analogous
manner to irons, it is postulated that the Fe4S4 centers may be involved
in phosphorylation at sites 1 of the electron transport chain and
probably phosphorylation linked specifically to succinate oxidation.3 8
Our data is consistent with iron playing the role of a complexing agent
of SH groups at the coupling center, as does N-ethylmaleimide.
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Albracht and Slater (1971) observed that in submitochondrial
particles of beef heart, when Fe-S centers 1 and 2 of the NADH
dehydrogenase complex are in the reduced form, they can be reoxidized
by addition of 5 mM ATP.^3
Similar data were obtained for the HiPIP component of succinic
dehydrogenase, and of the Fe-S center of the coenzyme Q-cytochrome c
reductase. Gutman and coworker also reported the induced reoxidation
of Center 2 of the NADH dehydrogenase by ATP.44
In light of our findings on a) the inhibition of electron flow in
broken mitochondria exposed to low concentrations of Fe^l or Fe^; b)
the eventual inhibition of both the NADH and succinate dehydrogenases
and their accompanying phosphorylation, the probability of Fe-S centers
being not only part of the electron transport system, but of being part
of the coupling system is strongly indicated.
55
CXDNGLUSION
Our results indicate that iron accumulation in mitochondria has an
adverse effect on NAD+ and succinate linked respiration. In the
electrode chamber, the effects of iron on normal mitochondria are
evident from the decrease of the RCR value. With osmotically damaged
mitochondria, there is complete inhibition of NADH oxidation in the
NADH dehydrogenase upon addition of iron. Bathophenanthroline
relieved this inhibition in mitochondria preincubated with iron.
In view of the results and discussions presented, inhibition of the
Fe-S centers would block respiration and prevent ATP synthesis.
Indeed, ATP has been found to cause uncoupler-sensitive reduction of
center 1 of the NADH dehydrogenase in beef heart submitochondrial
particles poised with NADH-NAD+ and blocked with cyanide and
piericidine.'^'^
Recent studies on the continued flow of electrons from succinate
to oxygen in the absence of ATP synthesis revealed that there are two
iron sulfur centers in the succinate dehydrogenase complex, and only
one of these can be shown to be directly involved in the process of
electron flow from succinate to oxygen. The other iron sulfur center
was suggested to be involved in the synthesis of ATP from ADP and
Pi44. Our data indicated that although electron flow from succinate to
oxygen in iron intoxicated mitochondria is inhibited (30%), ATP
synthesis is completely inhibited. If our proposal is correct, that
exogenous iron is acting at the level of the iron-sulfur proteins by
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interacting with the Fe-S centers which, because of its chemistry can be
referred to as the FeS switch, it could be that the opening of the switch
in the reduced form could lead to imposition of the added iron and thus
the inhibition of ATP synthesis. The opening Fe-S switch is only
released for reclosure during phosphorylation, thereby leading to
increased respiration, i.e,, the fast state 3 rate; and thus state 3 rate,
which is a result of phosphorylation, would be inhibited by available
exogenous iron.
When normal mitochondria with their complement of iron sulfur
proteins are exposed to excessive iron, accumulation over a period of
time could then lead to specific inhibition of iron sulfur complexes. This
then results in decreased electron flow via pathways which utilize the
iron sulfur proteins. Iron is stored within cells as part of ferritin, the
iron storage protein. The absence of synthesis of this protein in the
mucosal cells of the small bowel, allows for increased transport of iron
into the organism. Again, if apoferritin is not being adequately
synthesized in the peripheral tissues, iron accumulates as amorphous
masses called Hemosiderin. These masses can be found in the cytosol
and mitochondria of affected cells, and so in iron storage diseases such
as idiopathic hemochromatosis, one would predict abnormal energy
metabolism.in cerebro-hepato-renal syndrome, since the affected
infants are in the developmental stage, as the growth process occurs
and mitochondria are being formed, probably primary accumulation of
iron occurs. This accumulation can result in inhibition of electron flow
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